In this study, steelmaking slag is selected as an adsorption material to treat coke-oven wastewater. The study shows the use of solid waste to treat liquid waste of the same industry. The full effect of adsorption on steel slag with coke-oven wastewater has been analysed using SEM, XFR, XRD, FTIR and GC-MS. The adsorption pattern for steel slag at high temperatures, i.e. up to 1100°C was studied. It is observed that adsorption of pollutants does not favour higher temperature. Leaching studies showed increase in traces of heavy metals. However, only arsenic was found to be leaching beyond permissible limits. GC-MS studies showed no disorption of organic compounds from the treated slag. Compressive strength slightly weakened for the slag after adsorption, but lime saturation factor as well as soundness favoured the use of treated slag as an adsorbent. Overall analysis suggests that steel slag can be used for adsorption of coke-oven wastewater pollutant at lower temperatures. Thus steelmaking slag is found to be an efficient, readily available and economical adsorbent for removal of toxins from the coke-oven wastewater at lower temperatures.
COKE-OVEN wastewater generated during quenching of the coke produced in the coke oven is highly toxic in nature due to the presence of phenols, ammonia, cyanides and several other PAH compounds [1] [2] [3] . Specially phenolics, heterocyclic compounds and PAH compounds present in the coking wastewater are mutative and carcinogenic 4 . Thus, the treatment of coke-oven wastewater is essential before it is discharged 5 . Several treatment processes are designed to meet the norms set by various governments for the discharge of effluents. The treatment of coke-oven wastewater is possible through two-or three-stage activated sludge process and the maximum removal efficiencies obtained are 90-99.9% for chemical oxygen demand (COD), phenols, thiocyanate and NH + 4 -N (refs 6, 7) . In a study, anaerobic anoxic-oxic membrane bioreactor was operated for more than 500 days and the results obtained were found to be satisfactory 8 . Several other treatments like sequential batch reactor (SBR), two-step upflow anaerobic sludge blanket, ozonation and supercritical water oxidation have provided good results for the removal of toxic effluents [9] [10] [11] . Biochemical oxidation and dephenolization plants, popularly known as BOD plant, are used in the steel industry. Further, oxidation treatment processes like UV-photolysis and electro-oxidation are used for the removal of PAH compounds 2 . Adsorption on steel slag is an endothermic and spontaneous process [12] [13] [14] [15] [16] . Most of the adsorption studies on the steel slag show that the adsorption data fit the Langmuir as well as Freundlich isotherms and adsorption kinetics fits the pseudo-second-order Lagergren equation. Adsorption studies have been conducted on coke-oven wastewater with one or two parameters. Studies show that 500 g l -1 of Gonwana shale of India removes 74.11% phenol 17 , 250 g l -1 of coking coal removes COD and phenol at 58.08% and 67.12% respectively 18 , and 200 g l -1 of activated coke removes COD and colour of the effluent at 91.6% and 90% respectively 19 . Removal of phenol, ammonia and thiocyanate by steel slag using batch studies as well as column studies has been reported [20] [21] [22] . No study has reported the effect of adsorption of steel slag on coke-oven wastewater. Also, no studies are available on the adsorption in continuous mode of treatment in the steel industry 23 . Thus, finding an efficient method of treatment remains a challenge.
Several types of slag are generated at various stages in the iron and steel industry. Steelmaking slag is a waste material produced from the basic oxygen furnace during the production of steel. Slag contains iron ore, limestone, olivine, merwinite, C 3 S, C 2 S, C 4 AF, C 2 F, RO phase (CaO-FeO-MnO-MgO solid solution) and free-CaO 24 . Air-cooled slag and water-quenched slag impart several different properties. Air-cooled slag forms lumps, whereas water-quenched slag gives granular and porous structure. This granular steelmaking slag is utilized to remove phosphorus 25 , Cr, Pd, Cu and Zn 26 . Removal of heavy metal ions from acid mine drainage has been reported 27 . Use of steelmaking slag and other alkaline products (limestone) helps increase the pH and causes high levels of alkalinity 28 .
The present study examines the use of steel slag produced in the same industry as an adsorbent for the treatment of coke-oven wastewater. It shows the complex nature of coke-oven wastewater and the steel slag generated during steelmaking process. Steel slag was characterized by scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). Coke-oven wastewater was characterized by gas chromatography-mass spectrometry (GC-MS) using analytical methods. Steel slag was treated under different temperature conditions for adsorption studies. The studies were performed by analysis of GC-MS and XRD data. Studies were conducted on the leaching of heavy metals from both treated and untreated slag under acidic and alkaline conditions, and results were obtained by inductively coupled plasma mass spectrometry (ICP-MS). Cementitious properties like setting time and compressive strength were compared with treated and untreated slag under different percentage ratios of slag and cement.
Materials and methods
Steelmaking slag was collected from the slag dumping yard in Jamshedpur, Jharkhand, India. Slag was screened for different particle sizes, washed with distilled water and dried at 150°C for 24 h and then kept in a desiccator until further use. Coke-oven wastewater was obtained from the Bokaro Steel Plant in Jharkhand. Sieve analysis was done using mechanical shaker and with different sieves. Slag composition was measured using a spectrometer (WDXRF Spectrometer-Bruker S4 PIONEER). SEM images were obtained (Zeiss model: V5:05; SIGMA) and EDS was used for elemental analysis. XRD (Rigaku Smartlab Guidance CuKα irradiation 1.54 Å, 40 kV, 30 mA) and FTIR (Vertex 70, Bruker from 400 to 4000 cm -1 ) were done. KBr pellets were made using 3 star Hydraulik press made by Morinda Hydraulik. ICP-MS was used for leachate analysis (Agilent 7900). The BET surface area, pore diameter and pore volume were measured (Quantachrome NovaWin with nitrogen). Benzene was used as the solvent for making the organic phase of all the samples in the GC-MS studies. The benzene used was of AR-grade having sulphur compounds CS 2 0.00003%, thiophene C 4 H 4 S 0.0002%, minimum assay (GC) 99.7% and refractive index 1.499-1.501. GC-MS studies were also done (GCMS-QP2010 Ultra instrument with Rxi-5Sil MS; length = 30 m, I.D. = 0.25 mm, df = 0.25 μm). Column was used with the following conditions: Inlet mode: split ratio: 10 : 1. Table 1 gives the settings used for column oven temperature.
The concentration of pollutant in coke-oven wastewater was very high and the wastewater used was undiluted. Steel slag (100 g) was poured into 200 ml of wastewater so that sufficient adsorbent was available for the adsorption of pollutants in the wastewater. Amount of required slag was assessed based on previous studies [17] [18] [19] 29 . The slag temperature was varied at 100°C, 750°C, 950°C and 1100°C to observe the effect of adsorption on steel slag. The experiment required precautions as blasts may occur at the time of contacting very hot slag with wastewater at room temperature. Usually, studies report the effect of temperature up to 50°C. The elevated temperature up to 1100°C was used to check if the hot slag coming out of the furnace could be quenched with the coke-oven wastewater. This would reduce the water requirement for quenching of hot slag and coke-oven wastewater would get treated. The data obtained from GC-MS, XRD and FTIR were analysed.
Leaching studies were conducted before and after adsorption on a slag of 150 μm, which was air-dried and then exposed to acidic, neutral and alkaline conditions. The acidic conditions were maintained under 0.1 N acetic acid 30 and alkaline conditions maintained using 0.1 N NaOH. Under neutral conditions, only distilled water was used. A container with flat bottom surface of 150 cm 2 was chosen so that distilled water was in continuous contact with the slag; no agitation was provided during leaching. Next, 25 g of slag with 250 ml of distilled water (liquid/solid = 10) was taken. The duration of leaching was maintained for 7, 30 and 50 days. The liquid was separated from the slag for leachate analysis. Heavy metals like Bi, Pd, Cr, Cu, Ni, Zn, As and Fe were analysed by ICP-MS and organic content by GC-MS studies 31, 32 . The change in cementitious properties before and after adsorption of the coke-oven wastewater onto the steel slag was checked by normal consistency, initial and final setting time, soundness and compressive strength. The parameters like activity modulus, lime saturation factor, silica modulus, hydraulic activity and alumina modulus were also monitored. Soundness was checked by Le-Chateliers apparatus. Compressive strength was measured with automatic compressive testing machine (AMIL Ltd) for which blocks of Mortar of the size of 70.6 mm × 70.6 mm × 70.6 mm were made. Normal consistency and change in the setting time were recorded using Vicat apparatus. Finer steel slag of the size less than 90 μm was used for these studies. The slag was taken in a small tank and kept submerged for 1 h for completion of the adsorption process. Most studies suggest that adsorption is a spontaneous process. Three grades of sand, i.e. grades 1-3 are chosen in equal ratio while making the mortar blocks according to IS 650:1991. Cement-to-sand ratio was kept at 1 : 3. The blocks of the mortar with varying composition of steel slag and cement were made. Steel slag used for making the blocks was of two types. Slag which is not adsorbed and the slag which is adsorbed in coke oven wastewater. The slag to cement composition was varied in the range of 5 : 20 :: 95 : 80 weight percentage while making the blocks. Variation in the XRD pattern with 50% cement and 50% slag before and after adsorption was observed.
Results and discussion

Characterization of materials
Steelmaking slag: The steel slag was whitish and dusty and size of the grain varied from 0.75 μm to 4 mm in diameter. Sieve analyses showed that steel slag was wellgraded. Table 2 shows the slag with CaO, Fe 2 O 3 and SiO 2 as the main constituents. Figure 1 shows the porous nature of the steel slag, which indicates abundance of adsorption sites on its surface. Elements like O, Si, Ca, Al, Mg, C and K are found in the steel slag. XRD confirmed the presence of Ca(OH) 2 , CaCO 3 , C 2 S and C 3 S in the sample. FTIR showed Si-O-Si bend stretching. The surface morphology of steel slag particles showed abun- dance of sites, loosely bounded and porous. The BET surface area, pore diameter and pore volume were measured in the sample (11.6 m 2 /g, 4.06 nm and 0.010 cc/g respectively). According to IUPAC, the material can be classified as mesoporous. This is also confirmed by other researchers 33 .
Coke and other complex organic compounds (Table 3) . Suspended solids are also present in the wastewater and also 
Adsorption studies
The first direct effect of treatment of slag by coke-oven wastewater is decolourization of the wastewater. This may be due to the presence of Ca and Mg oxides in the slag. GC-MS studies on the coke-oven wastewater before and after adsorption with steel slag at various temperature conditions showed 80%-99% removal of organic compounds by adsorption of steel slag. It was found that slag at a higher temperature of about 1100°C was not able to adsorb the organic pollutants; one of the reasons could be high turbulence during addition of high-temperature slag in the wastewater at 30°C. It may be due to over activation of slag, which could not take the advantage of its activated sites caused by temperature gradients. Figure 2 shows the percentage removal of organic compounds at 100°C, 750°C, 950°C and 1100°C. It shows that the removal of organic pollutants is satisfactory when the slag used for adsorption has temperature in the range 100-950°C, whereas further increase in temperature up to 1100°C could not remove benzo(b)pyridine, benzo(B)pyrrole, anthracene, heptadecane, eicosane, n-hexylpentadecane, pentadecanoic acid and indeno(1,2,3-cd)pyrene compounds. Thus adsorption of pollutants at higher temperatures is not favourable. Figure 3 shows XRD of steel slag before and after adsorption at elevated temperature. The XRD pattern did not show many distinguished peaks indicating amorphous nature of the slag, which might be due to quenching of hot slag from the furnace 35 . XRD pattern shows CaCO 3 peaks at 27 and 29 theta, C 2 S, C 3 S and C 4 AF peaks from at 30 to 35 theta 36 . The improved cementitious properties (increase in C 2 S, C 3 S and C 4 AF) are seen at higher temperatures. The XRD patterns of the steel slag at different temperatures after adsorption with coke-oven wastewater do not show any significant change when compared. However, Figure 4 shows that after quenching with wastewater, peaks in the XRD get reduced or diminished; this may be due to conversion of slag into amorphous state. The percentage removal of organic content at 1100°C is very less compared to percentage removal of organic content at 100°C, 750°C and 950°C, as shown in Figures 2 and 3 . It can be concluded that CaCO 3 , C 2 S, C 3 S and C 4 AF may not be participating in the process of adsorption and the change in XRD pattern is due to increase in glassy content in the slag 37 . FTIR studies showed functional groups participating in the process of adsorption. This was done by observing shifts in the functional groups 38 . FTIR studies were done before and after adsorption of the slag on wastewater. KBr pellets of the slag sample were made for analysis to reduce the signal-to-noise ratio. However, no change in the results was observed without the use of KBr. Figure 5 shows the results of FTIR analysis. The strong and broad band ranging from 2900 cm -1 to 3600 cm -1 belongs to -OH stretching vibrations, 1400 cm -1 to 1500 cm -1 bands belong to amorphous CaCO 3 , and peaks between 400 cm -1 and 800 cm -1 belong to bending vibration of the surface Si-O-Si and MgO, MnO 39, 40 . 
Leaching studies
Studies done elsewhere showed that leaching of heavy metals from the slag is intermittent, but can last for many years 42 . Calcite precipitation would stop only 50-80 years after slag disposal 43 . Leaching of heavy metals from the steel slag had negative impact on the environment. Toxicity characteristic leaching procedure, batch leaching test and column leaching test were used in most of the previously reported work. No accepted protocol is available for the leaching test on the steel slag 44 . Some studies suggest liquid to solid ratio of 10-30 for steel slag with leaching time of 30-47 days 45, 46 . Rapidly cooled steel slag helps reduce the leaching of Ca, Fe, Al, Cr, Mo, whereas leaching of V and Si could not be reduced 47 . Figure 6 reveals that Fe, As and Zn are prominent metals leaching under alkaline conditions 48 . Pd and Bi leached less from the adsorbed slag. Leaching was not observed for Zn and As under acidic and neutral conditions, but was found under alkaline conditions. Pd and Bi also did not leach under neutral conditions, but did so under acidic and alkaline conditions. Ni, Pd and Bi leached more under acidic conditions. The concentration of Cr did not exceed the permissible limits (Cr < 0.05 mg l -1 ) of the Indian standards (second revision IS 10500) for the 50 days leaching test. Leaching of Ni and Fe was also found within the permissible limits (Ni < 0.02 mg l -1 and Fe < Figure 5 . FTIR of slag before and after adsorption. CSBA20, Mortar composition with 20% untreated slag; CSAA20, Mortar composition with 20% treated slag; CSBA15, Mortar composition with 15% untreated slag; CSAA15, Mortar composition with 15% treated slag; CSBA10, Mortar composition with 10% untreated slag; CSAA10, Mortar composition with 10% treated slag; CSBA5, Mortar composition with 5% untreated slag; CSAA5, Mortar composition with 5% untreated slag; C100, Mortar composition with no slag.
0.3 mg l -1 ) under acidic and alkaline conditions. Leaching of Zn and Cu was also found to be under permissible limits (Zn < 5 mg l -1 and Cu < 0.05 mg l -1 ). However, leaching of As exceeded beyond permissible limits (As < 0.05 mg l -1 ) 49 . Overall it can be stated that steelmaking slag is non-toxic even after the process of adsorption. Figure 7 shows no significant change in organic content even after 50 days of leaching under acidic and alkaline conditions. The observable peaks in the filtrate are those of the solvent used.
Cementitious properties
The composition of steel slag may vary from place to place and process conditions of the furnace. Steel slag is known to have cementitious properties due to the presence of β-C 2 S, C 3 S, C 4 AF and C 2 F. Cementitious properties increase with its basicity 50 . Due to the presence of free lime, the use of steel slag is limited. Properly aged steel slag would not show expansion 51 . Use of alkali activators like Na 2 SiO 3 increases the cementitious property of the steel slag 50 . Studies indicate that super-fine steel slag has higher compressive strength for the first 100 days and it decreases after 100 days compared to ordinary steel slag 52 . Studies indicate that steel slag can be converted to amorphous material by rapid quenching, which enhances the hydration properties of steel slag 47 . Figure 8 shows the XRD pattern cement. The sample was prepared with cement to slag ratio as 1 : 1 and mixed with water to form a paste which was allowed to dry under atmospheric conditions. The dried sample was powdered after 24 h and XRD was performed. XRD with cement and unadsorbed slag showed better peaks than that of the sample with cement and treated slag with coke oven wastewater. This also confirms that cement when blended with treated slag at the ratio of 1 : 1 loses its cementitious properties. C 3 S phase was found to be weak in the original slag, but cement had well-developed C 3 S phase. When cement was mixed with treated slag, C 3 S content was found to be improved. C 3 S is the primary strength contributing phase. Ca(OH) 2 was produced by hydration of calcium silicate phase. The main hydration products were C-S-H, Ca(OH) 2 , ettringite, C 3 S and C 2 S. FeO (41.725°, 35.927° and 60.482°) in the slag was transformed into FeO(OH) in the strong alkali phase of hydrated cement phase. Shorter peak of Ca(OH) 2 in the treated slag shows it had not gone into hydration phase equally. Table 4 shows changes in the properties of mortar as the percentage of slag is changed. Box 2 shows the equations used for cementitious properties based on XRF results. Activity modulus for slag as well as cement was found to be good (Z > 1.6); however, the slag after its adsorption with coke-oven wastewater was slightly reduced. The same was true for hydraulic activity (excellent i > 16) as well as for lime saturation factor (LSF) 53 . Reduced LSF in slag after adsorption showed that the free 
lime in the slag had reduced. It was also observed that silica modulus (SM) increased in the slag after adsorption; however, SM of slag is less than cement. Aluminia modulus showed that the slag was low in aluminate and ferrite phases. C 3 S content in the slag after adsorption was found to be reduced. Figure 9 shows that compressive strength of the slag after treatment has reduced and that 5-10% replacement of cement with the slag either before or after adsorption provides sufficient strength after 90 days of curing time, conforming to Indian Standards IS:8112 for ordinary portland cement and IS:456 for portland slag cement 36 . 
Conclusion
The adsorption of steel slag on coke-oven wastewater is studied. It is found that the steel slag removes most of the organic pollutants from the wastewater up to a temperature of 950°C. Thereafter, the effect of turbulence caused by temperature does not favour the adsorption process. XRD, XRF and FTIR studies conclude that the slag actively participates in the adsorption process. Also, CaCO 3 , MnO, MgO, SO 3 and silica are found to participate in the process of adsorption. The study suggests that hot steel slag can be quenched by coke-oven wastewater. However, on an industrial scale, its feasibility would require further studies.
The leaching studies show all metals under consideration leach within the permissible limits for both treated and untreated slag, except arsenic. GC-MS studies do not show any disorption of organics from the adsorbed slag; thus favouring the process of adsorption of pollutants from the coke-oven wastewater.
Studies to check the effect of adsorption of coke-oven wastewater on cementitious properties show that the adsorbed slag provides slightly less compressive strength compared to unadsorbed slag. Overall, it can be concluded that there is no adverse effect on the cementitious properties. Hence, the steelmaking slag can be used for the treatment of coke-oven wastewater.
